[« V]

~

. M. Kengaku et al., Science 280, 1274 (1998).

. J. D. Axelrod, J. R. Miller, J. M. Shulman, R. T. Moon, N.
Perrimon, Genes Dev. 12, 2610 (1998).

. M. Boutros, N. Paricio, D. I. Strutt, M. Mlodzik, Cell 94,
109 (1998).

. L. C. Sheldahl, M. Park, C. C. Malbon, R. T. Moon, Curr.
Biol. 9, 695 (1999).

9. K. M. Bhat, Cell 95, 1027 (1998).
10. J. R. Kennerdell and R. W. Carthew, Cell 95, 1017

1.

12.
13.

(1998).

H. Mueller, R. Samanta, E. Wieschaus, Development
126, 577 (1999).

P. Bhanot et al., Development 126, 4175 (1999).
C.-N. Chen and G. Struhl, Development 126, 5441
(1999).

14. K. M. Cadigan, M. P. Fish, E. J. Rulifson, R. Nusse, Cell

15.

93, 767 (1998).

Fz1, Fz2, and the chimeric receptors were expressed
with sevGal4 in the developing eye, in a specific
subset of photoreceptor precursors (in R3 and R4 at
the time of polarity determination). For analysis in
imaginal discs, the enhancer trap line H123 was used
as a marker for R4 and detected as described [M.
Fanto and M. Mlodzik, Nature 397, 523 (1999)). Eye
imaginal discs and sections of adult eyes were pre-
pared, photographed, and processed as described [D. I.
Strutt, U. Weber, M. Mlodzik, Nature 387, 292 (1997)).

16. ). Zhang and R. W. Carthew, Development 125, 3075

(1998).

17. A. H. Brand and N. Perrimon, Development 118, 401

(1993).

. Several independent lines were generated for these
and the chimeric constructs, and at least four were
tested in the functional assays, all giving equivalent
results. The transgenic strains showed comparable
protein expression levels as determined by Western
blotting with the inserted myc-epitope tag.

19. M. Boutros, ). Mihaly, M. Mlodzik, unpublished results.
20. Capped synthetic RNA of the different receptors was

2

pary

22.

23.

injected into both blastomeres of the two-cell embryo.
At stage 9, animal cap ectoderm was explanted and
cultured until sibling embryos reached stage 11. Reverse
transcriptase—polymerase chain reaction (RT-PCR) was
done as described [T. Bouwmeester, S.-H. Kim, Y. Sasai,
B. Lu, E. De Robertis, Nature 382, 595 (1996)]. Protein
levels were checked by Western blot analysis with
anti-myc and anti-Fz1 antibodies. Dsh relocalization
assays were done as described [ ). D. Axelrod, J. R. Miller,
J. M. Shulman, R. T. Moon, N. Perrimon, Genes Dev. 12,
2610 (1998)]. For Xnr-3 and Sia induction, 100 to 800
pg of RNA was injected; for Dsh relocalization, Fz re-
ceptors were injected at 100 to 200 pg of RNA together
with 100 pg of Dsh-EGFP RNA.

. M. Brannon and D. Kimelman, Dev. Biol. 180, 344

(1996).

F. Fagotto, K. Guger, B. M. Gumbiner, Development

124, 453 (1997).

K. Itoh and S. Sokol, Mech. Dev. 61, 113 (1997).

24. Both Fz1 and Fz2 recruited Dsh to the membrane at

25.

a concentration of 25 pg of injected RNA and were
unable to do so at 12.5 pg, indicating that both
receptors have the same threshold in this assay.

C. R. Vinson, S. Conover, P. N. Adler, Nature 338, 263
(1989).

26. P. Bhanot et al., Nature 382, 225 (1996).

27.

28.

1828

We generated Fz1 and Fz2 chimeric constructs by as-
sembling their CRD (Fz1, amino acids 1 to 166; Fz2, 1 to
219), seven-pass transmembrane region (Fz1, amino
acids 167 to 557; Fz2, 220 to 617), and cytoplasmic tails
(Fz1, amino acids 558 to 585; Fz2, 618 to 694). In brief,
chimeric receptors consisted of 10 base pairs of the Fz1
5’-untranslated region, the CRD domain (except for
ACRD) linked to the transmembrane region (inserted by
generating a Hind IIl site), and a myc tag in a noncon-
served region. For COOH-terminal swaps, a Xho | site
was created after the last transmembrane domain. We
created chimeric receptors by assembling different frag-
ments in pBS-SK and then shuttling them into Drosoph-
ila and Xenopus expression vectors. Constructs were
confirmed by sequencing. For each construct, several
independent transgenic Drosophila lines were generated
and tested in the assays described.

The chimeric receptors were expressed under the
control of the apGal4 driver in the dorsal wing and
notum. The chimeras that showed mild dominant-
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negative behavior did not affect wg expression at the
dorsal/ventral (D/V) margin, indicating that the ob-
served effect is due to Wg read-out defects in the
third larval instar. Planar polarity was analyzed in
the wing cell hairs (Fig. 3) and by the orientation of
the microchaetae on the notum. Effects on planar
polarity in the notum were seen with Fz1 and
Fz2-1, as is the case in the eye and wing.
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Economic Incentives for Rain
Forest Conservation Across

Scales

C. Kremen,'* ). O. Niles,” M. G. Dalton,? G. C. Daily,’
P. R. Ehrlich," ). P. Fay,? D. Grewal,? R. P. Guillery*

Globally, tropical deforestation releases 20 to 30% of anthropogenic green-
house gases. Conserving forests could reduce emissions, but the cost-effec-
tiveness of this mechanism for mitigation depends on the associated oppor-
tunity costs. We estimated these costs from local, national, and global per-
spectives using a case study from Madagascar. Conservation generated signif-
icant benefits over logging and agriculture locally and globally. Nationally,
however, financial benefits from industrial logging were larger than conserva-
tion benefits. Such differing economic signals across scales may exacerbate
tropical deforestation. The Kyoto Protocol could potentially overcome this
obstacle to conservation by creating markets for protection of tropical forests

to mitigate climate change.

Each year, an estimated 13 million hectares
of forests are destroyed (/), 5.6 to 8.6 Gt of
carbon are emitted (2), and 14,000 to 40,000
species disappear from tropical forests (3).
Greenhouse gas emissions are likely to in-
crease Earth’s temperature by 1° to 4°C in the
next century, leading to the possibility of
increasingly severe droughts and floods, en-
hanced rates of species invasion and extinc-
tion (4), and thus significant economic harm.

Tropical deforestation alone is responsible
for 20 to 30% of carbon emissions (5) and
most species extinction worldwide (6). Con-
serving tropical forests could therefore re-
duce both global warming and biodiversity
loss (7). Despite conservation efforts, many
“protected areas” in the tropics continue to be
degraded, while unprotected forests are being
converted by logging and agriculture (8). We
analyzed the economic benefits of forest con-
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servation from local, national, and global per-
spectives to determine the structure of incen-
tives; ultimately, it is the interaction of these
incentives across scales that will determine
the fate of forests.

We used the Masoala National Park Inte-
grated Conservation and Development Pro-
gram (ICDP) in Madagascar as our case
study, because it provided ample data for
economic evaluation (9—13). The park (2300
km?) is composed of primary rain forest and
is surrounded by a 1000-km? buffer of un-
protected forest. Slash-and-burn farming for
subsistence rice production represents the
current principal threat to these forests. At
current rates, farmers may reach the park
boundaries in as few as 9 years. To counter
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deforestation, the Masoala ICDP’s strategy is
to create economic incentives for conserva-
tion, by working with local communities to
develop markets for forest products from the
buffer areas and nature-based tourism in the
park (9).

Although local incentives are important,
incentives at national and global scales are
also essential to the success of conservation
efforts, because national governments often
make large-scale natural resource decisions
affecting conservation, and the international
community sponsors conservation through
foreign aid and technical assistance. Conser-
vation is most likely to succeed when benefits
outweigh costs at the scales of all relevant
decision-makers. To assess benefits and costs,
we developed an opportunity-cost scenario
and compared estimates of net benefits from
the ICDP against the net benefits from the
opportunity-cost scenario at local, national,
and global scales. All estimates were calcu-
lated as net present values (NPVs) based on
market values or shadow prices obtained with
standard valuation techniques and appropri-
ate local, national, and global data sources
(see footnotes to Table 1). Two time-frames

(10 and 30 years, based on the length of a
forestry concession in the opportunity-cost
scenario) and three discount rates [3% (14),
10% (15), and 20% (16)] were used to test
sensitivity. We report results as ranges (in
U.S.$ 1996) over these time frames and dis-
count rates. In some cases, ranges also in-
clude results from two other opportunity-cost
scenarios (see below).

The opportunity-cost scenario is the land
use that produces the highest alternative re-
turn. At the national level, the highest return
would come from large-scale industrial for-
estry concessions. We assumed that such log-
ging enterprises would be foreign-owned,
bounded in scale based on the required cap-
ital investment, respect Malagasy laws, and
invest the minimum in infrastructure to ex-
port high-value roundwood from Madagascar
(17). It is unlikely, however, that Madagascar
would receive all the financial benefits legal-
ly due from a large-scale logging operation
(18). Thus, we also calculated a lower bound
opportunity cost assuming that only a portion
of the benefits (about 33%) would be cap-
tured by the nation (/7). In both cases, we
assumed that while logging “selectively,”

Table 1. Local, national, and global net benefits for the integrated conservation and development program [ICDP; see (77) for further details].

Discount rate 3% 10% 20%
Time span of net present values 10 years 30 years 10 years 30 years 10 years 30 years
Local economy: impact of ICDP per community U.S.$ 1996 x 103
Sustainable community forestry (9) 129.7 315.6 88.5 1436 55.1 683
Ecotourism (77) 2.7 191 19 6.1 13 22
Nontimber forest products (NTFPs)* 86.6 221.6 619 101.0 419 51.0
Hill ricet -11.5 —26.5 -83 -12.7 -57 -6.7
Opportunity cost: Large-scale forestryf -1.4 —-3.2 -10 -1.5 -0.7 -0.8
Local net benefit 206.1 526.6 143.1 236.5 919 113.9
National economy: impact of ICDP U.S.$ 1996 x 10°
Donor investment§ 7.81 9.95 6.01 6.80 4.43 4.66
Ecotourism/park employment (77) 7.06 42.49 5.10 1291 3.50 5.16
Sustainable community forestry/biodiversity products (9, 73) 2.96 13.08 133 3.29 0.50 0.80
Sustained use of NTFPs* 7.28 28.57 4.71 11.01 2.77 4.27
Watershed protection value|| 0.58 3.40 0.38 1.13 0.22 0.38
Park/buffer zone management costs§ —8.97 —13.06 —6.70 —8.07 —4.79 —5.15
Internal benefit from ICDP project 16.73 84.44 10.83 27.07 6.64 10.12
Opportunity cost: Industrial logging concession} —-92.57 —333.89 —56.36 —127.89 —30.02 —47.14
Opportunity cost: Hill rice farming? —6.53 —15.00 —4.70 —7.22 —3.21 —3.81
Total opportunity costs —99.10 —348.89 —61.06 —135.10 —33.23 —50.95
National net benefit —82.38 —264.45 —50.23 —108.03 —26.59 —40.83
Global economy: impact of ICDP U.S.$ 1996 x 108
Carbon conservation value @ $20/t C (27, 28) 188.94 655.41 122.35 260.66 7197 105.11
Donor investment in ICDP —7.81 —9.95 —6.01 —6.80 —4.43 —4.66
Global net benefit 181.13 645.46 116.34 253.85 67.54 100.45

*We calculated annual flows from NTFPs by cumulating the hectares of deforestation avoided each year, and multiplying by the annual value for sustained use of NTFPs [~$15/ha
(9)]- NPVs were then calculated from these annual flows. tThe value of one rice harvest after logging was estimated at $69/ha on the basis of typical rain-fed rice productivity
on the Masoala Peninsula (73). 1The national opportunity costs to Madagascar for not granting a large-scale logging concession included stumpage fees, taxes, employment, and
infrastructure development. We based our model on similar timber companies operating in developing countries, assuming that expatriate investors (i) invest in minimum
infrastructure, (ii) hire national staff primarily, (iii) harvest all currently exported hardwoods, (iv) export roundwood to mills outside of Madagascar, and (v) pay all taxes and fees legally
due to Madagascar (full capture scenario). We used timber inventory data from Masoala (9, 73) to assess per hectare harvest levels, values and stumpage fees, and GIS to determine
where harvesting was profitable (26). We assumed that half of the wood would be exported, and the rest sold domestically. At the local scale, opportunity costs equaled lost local
employment from large-scale logging. See (77) for further details. §Donor investment and project costs were based on the current Masoala ICDP budget, assuming 5 years of aid
for park management and 20 years for development, with diminished inputs after 10 years. |IWe calculated the annual value of watershed protection to irrigated rice agriculture
and to marine fisheries by first obtaining a per hectare annual value for each watershed component, and then multiplying this value times the cumulative number of hectares
deforested each year. For irrigated rice agriculture, we calibrated a watershed study from a nearby park (37). For fisheries (38), we divided the annual value of the artisanal marine
fishery on Masoala (73) by the number of hectares of forest and multiplied by 0.5, because it is unlikely that forest clearing would reduce fisheries to zero. To calculate global
impacts of the ICDP, we estimated public values that are nonexcludable and nonrival benefits. We did not evaluate the net impact of forest conservation versus exploitation on private
actors (e.g., logging, ecotourism, or international airline companies) or private goods (e.g., timber, souvenirs, or planes).
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forests would be extensively damaged from
road-building and mechanized harvest (19).
Then, subsistence farmers would follow log-
ging roads to slash-and-burn the high-graded
forests (18); thus, the value of one rice har-
vest was calculated as part of the total oppor-
tunity cost. In 1995, however, Madagascar
enacted environmental laws to prevent indus-
trial-scale activities from degrading the envi-
ronment (20). Consequently, we also devel-
oped and evaluated a “best management prac-
tices” scenario to compare with industrial
logging (21).

To evaluate the ICDP scenario, we esti-
mated projected financial costs and benefits
from establishing and maintaining the Ma-
soala National Park and its buffer zones. Ben-
efits included employment, foreign aid, tour-
ism, and the sustainable production of forest
products, watershed protection, and carbon
conservation resulting from prevention of
projected deforestation. Costs included man-
agement of the park and implementation of
development activities around the park. A
major source of uncertainty in estimating
these benefits was whether the ICDP would
meet its stated goals, which include (i) arrest-
ing deforestation in the area, (ii) implement-
ing community-based sustainable forestry
projects in 50,000 ha over 15 years, and (iii)
reaching ecotourism targets of 10,000 visitors
per year within 5 years (22). Complex devel-
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opment projects in developing countries have
high failure rates (/5). Our projections as-
sumed that this ICDP will succeed; by com-
parison, the uncertainty resulting from data
error is a minor problem.

At the local level, we found that commu-
nities would lose significant economic bene-
fits if lands they were to use for community-
based sustainable forest management and
tourism were placed in large-scale logging
concessions, whether sustainable or not. With
the ICDP, communities would enjoy surpluses
of $92,000 to $527,000 (23) over the indus-
trial logging scenario (Table 1). A large pro-
portion of this value is due to the subsistence
use of nontimber forest products (NTFPs) for
artisanal production, food, fuel, fiber, and
construction (10, 11), all key to quality of life
for local residents.

While initially dependent on foreign aid in
our model, we terminated aid to the Masoala
park in year 5 and to the development com-
ponent in year 20. Gross benefits to Mada-
gascar from the ICDP, ignoring opportunity
costs, ranged from $7 million to $84 million
(Table 1) and were positive within 10 years.
The ICDP would thus be a reasonable busi-
ness proposition for Madagascar in compari-
son to current slash-and-burn land use on the
peninsula.

The financial benefits from industrial
logging concessions, however, exceeded the

ICDP’s value (Table 1) even when the lowest
estimates of revenue generated by logging
were used. Although uncertainties exist in the
estimate of opportunity cost, these three sce-
narios show that any large-scale logging op-
eration would be significantly more profit-
able to the state than the ICDP, by $6 million
to $265 million (Table 2).

Lucrative large-scale logging operations
are leading to the destruction of many forests,
particularly in Africa and Asia (24, 25). We
found no physical or economic barriers that
would prevent large-scale logging companies
from accessing the entire forest on the Ma-
soala Peninsula (26). We estimated net annu-
al returns on investment to large-scale log-
ging companies and found profit margins of
$2.37 million per year even for the least-
profitable scenario, best management prac-
tices. Thus, large-scale logging is a realistic
prospective land use for Masoala and similar
areas.

Several timber companies were prospect-
ing for concessions on the Masoala Peninsula
during the time that the National Park was
being established, and the government nearly
abandoned the park project in favor of a
logging company. The conservation and dip-
lomatic community played a large role in
persuading the government to reject the log-
ging companies’ proposals, using both polit-
ical and economic arguments. Without this

Table 2. The cost of conserving carbon. Regardless of opportunity-cost scenario, when Madagascar conserves forests, it pays most of the costs of preventing
transfers of carbon from the biosphere to the atmosphere.

Full capture scenario for
opportunity costs

Partial capture scenario for
opportunity costs

Best management
practices scenario for

Units opportunity costs

Discount rate 3% 10% 20% 3% 10% 20% 3% 10% 20%

Timespan of NPV 10 years

Net value of ICDP to U.S.$ 1996 X 108 —8238 —5023 —2659 —2129 -—1331 -718 —-1560 —10.14 583
Madagascar including
logging

National opportunity cost of U.S.$ 1996/ha —250 —152 -81 —65 —40 -22 —47 -31 -18
land

Madagascar's cost to U.S.$ 1996/t CO, C —3.91 —2.38 —1.26 -1.01 —-063 —034 —2.47 -160 —0.92
conserve greenhouse gases

Donor countries’ cost to U.S.$ 1996/t CO, C -0.37 —0.29 —0.21 —0.37 —0.29 —0.21 —1.24 —0.95 —0.70
conserve greenhouse gases

Total U.S.$ 1996/t CO, C —4.28 —267 —1.47 —1.38 —0.92 —0.55 —3.70 —2.55 -1.62

Proportion borne by 091 0.89 0.86 0.73 0.69 0.62 0.67 0.63 0.57
Madagascar

Timespan of NPV 30 years

Net value of ICDP to US.$ 1996 X 108 —26445 —10803 —40.83 —4202 —2329 —-998 —1981 —1553 -7.60
Madagascar including
logging

National opportunity cost of ~ U.S.$ 1996/ha —801 —327 —124 —127 -7 -30 —60 —47 -23
land

Madagascar's cost to U.S.$ 1996/t CO, C —4.18 -1.7 —0.65 —0.66 -037 —0.16 -1.04 -0.82 —0.40
conserve greenhouse gases

Donor countries’ cost to U.S.$ 1996/t CO, C —0.16 =0.11 —0.07 —0.16 -0.11 —0.07 —0.52 -036 —0.25
conserve greenhouse gases
Total U.S.$ 1996/t CO, C —4.34 —1.82 —-0.72 —0.82 -048 —0.23 -157 —-118 —065

Proportion borne by 0.96 0.94 0.90 0.81 0.77 0.68 0.67 0.70 0.62
Madagascar
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pressure, the Masoala Peninsula, one of
Madagascar’s most important reservoirs of
biodiversity, would perhaps have become a
forestry concession instead of a national park.
However, many other countries do not have
vigilant watchdog organizations and strict en-
vironmental laws (20), so logging often con-
stitutes a serious threat to forests (24, 25).

The loss of Masoala’s forests would be a
significant economic cost to the international
community ($68 million to $645 million)
(Table 1). We estimated their global value on
the basis of the damages avoided by prevent-
ing greenhouse gas emissions from the defor-
estation that would otherwise occur without
the ICDP (17). To develop a conservative
estimate, we used a damage cost of $20/t C
(27), used an estimate of net committed emis-
sions, and developed a schedule for the grad-
ual release of greenhouse gases over a 10-
year period (28). We did not include costs or
benefits to private actors such as logging or
ecotourism companies, because our concern
at the global scale was with public goods and
services. Nor did we include other significant
global benefits, such as the option or exis-
tence value of biodiversity in Masoala’s for-
ests, because a market in these values is
unlikely to emerge. These values would be
high relative to other regions, however, be-
cause Madagascar is among the top five
countries for plant and vertebrate endemism
per unit area (29), with a globally unique and
species-rich biota, and Masoala is one of its
most significant biodiversity areas (9).

We then estimated the unit cost of con-
serving carbon [in metric tons of CO, C
equivalents (28)] between $0.23 and $4.34
(Table 2); this range is comparable to per
metric ton C costs for trial climate-related
forestry and conservation projects (30). The
unit cost can be partitioned into the global
cost (foreign aid for forest protection) and
Madagascar’s cost (opportunities foregone).
Madagascar, one of the world’s poorest coun-
tries (31), is paying 57 to 96% of the total
costs (Table 2), but itself would benefit rela-
tively little from reducing global greenhouse
gas emissions. While the Masoala ICDP was
established to conserve biological diversity,
not terrestrial carbon, the global community
is reaping the concurrent public benefit of
carbon conservation at the low cost of $0.07
to $1.24/t C.

Both Madagascar’s opportunity costs ($18
to $801/ha) and the costs of conserving car-
bon vary by more than an order of magnitude,
depending on the logging scenario, discount
rate, and time-frame. Madagascar and many
developing countries have high private rates
of discount and poor ability to capture legal
rents from forestry concessions (16, 18).
Thus, the partial capture scenario with a dis-
count rate between 10 and 20% is the most
realistic estimate of the minimum market rate
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required for compensation for carbon conser-
vation (Table 2: 10-year NPV, $22 to $40/ha;
30-year NPV, $30 to $71/ha), corresponding
to a cost of $0.16 to $0.63/t CO, C equiva-
lents (32).

Estimates of damages from carbon release
range from $5 to $100/t C, but probabilistic
studies showed that $20/t C is a conservative
estimate of mitigation of damages (27). Thus,
by conserving carbon at <$1/t, one could
generate a 20-fold surplus to pay transaction
costs and buffer against the risk of individual
project failure [e.g., one out of two develop-
ment projects in Africa (/5)]. Paying the
opportunity cost for forest conservation is an
economical mechanism for securing reduced
greenhouse gas concentration (7), while pro-
moting other benefits including the protection
of a threatened biota of inestimable value
(29), maintenance of ecosystem services, and
promotion of human welfare. If Madagascar
could receive the opportunity cost, it would
then receive $10 million to $23 million (Ta-
ble 2: 30-year NPV, partial capture scenario,
discount rate 10 to 20%) for the value of the
Masoala National Park and its surrounding
buffer zone, instead of the $4.7 million to
$6.8 million that we project it will receive
(Table 1: 30-year NPV, donor investment,
discount rate 10 to 20%). These funds would
be sufficient to ensure the long-term protec-
tion of the park, whereas current budgets may
be insufficient (22).

This case study suggests that the conser-
vation and sustainable-use approach could
provide significant economic benefits at all
scales. At the national level, however, where
decisions about conservation are generally
made, large-scale logging currently provides
better economic returns. We believe that sim-
ilar split-incentive situations exist in many
humid forested areas (24, 25) and other eco-
systems (33) in the developing world.

The Kyoto Protocol, however, could se-
cure net local, national, and global benefits
equitably by recompensing nations for the
opportunity costs of conservation through
global transfers under the Clean Develop-
ment Mechanism (34, 35), which would al-
low industrialized countries to exceed domes-
tic emissions quotas by creating equivalent
emissions reductions in a developing country
(36). If such transfers do not occur, we can
expect that many developing nations will
continue to liquidate their forests for foreign
exchange, although it is not in their best
long-term interest (24, 25).

References and Notes

1. Food and Agricultural Organization, State of the
World’s Forests (Food and Agricultural Organization,
Rome, 1999).

2. ). T. Houghton et al., Climate Change 1995: The
Science of Climate Change: Contribution of Working
Group 1 to the Second Assesment Report of the
Intergovernmental Panel on Climate Change (Cam-
bridge Univ. Press, Cambridge, 1995).

1.

12

13.

14.

15.

16.

17.

19.

20.

21.

. ). B. Hughes, G. C. Daily, P. R. Ehrlich, Science 278,
689 (1997).

. ). Dukes and H. Mooney, Trends Ecol. Eval. 14, 135
(1999).

. In the mid-1990s, tropical deforestation caused
~1.65 £ 0.4 Gt of C emissions per year (19 to 29%
of annual carbon flux), while fossil-fuel emissions
accounted for ~5.5 * 0.5 Gt/year [S. Brown et al., in
Climate Change 1995: Impacts, Adaptations and Mit-
igation of Climate Change: Scientific-Technical Anal-
yses, R. T. Watson, M. C. Zinyowera, R. H. Moss, Eds.
(Cambridge Univ. Press, Cambridge, 1996), pp. 774—
797.

. S. L. Pimm, G. ). Russell, J. L. Gittleman, T. M. Brooks,

Science 269, 347 (1995).

D. Pearce and K. Brown, in The Causes of Tropical

Deforestation, K. Brown and D. W. Pierce, Eds. (Univ.

of British Columbia Press, Vancouver, Canada, 1994),

pp. 2-26; ). ). Hardner, P. C. Frumhoff, D. C. Goetze,

Mitigation and Adaptation Strategies for Global

Change, in press.

. R. Kramer, C. van Schaik, J. Johnson, Last Stand:
Protected Areas and the Defense of Tropical Biodiver-
sity (Oxford Univ. Press, New York, 1997).

. C. Kremen et al., Conserv. Biol. 13, 1055 (1999).

. C. Kremen, I. Raymond, K. Lance, Conserv. Biol. 12,

549 (1998).

I. Raymond, thesis, Université d'Antananarivo, Antan-

anarivo, Madagascar (1995).

J. N. Rakotoarisoa, thesis, Université d'Antananarivo,

Antananarivo, Madagascar (1997).

R. Lemaraina, C. Kremen, P. Guillery, unpublished

data.

Three percent was the low value used for sensitivity

analyses to compare with the literature on global

warming [W. D. Nordhaus, Science 258, 1315

(1992)].

World Bank, 7993 Evaluation Results: A World Bank

Operations Evaluation Study (World Bank, Washing-

ton, DC, 1993).

Interest rates in Madagascar varied between 5 and

22.8% (December 1997; C. Ramilison, personal com-

munication); volatility is also demonstrated by the

World Bank’s inability to estimate nominal interest

rates [World Bank, World Development Report 1996

(Oxford Univ. Press, New York, 1996)]. See also P.

Barreto, P. Amaral, E. Vidal, C. Uh|, For. Ecol. Manage.

108, 9 (1998); J. Hardner and R. Rice, “An assessment

of the economic opportunites for forest resource use

in Suriname” (Inter-American Development Bank,

Washington, DC, 1999).

Further descriptions of the industrial logging scenar-

io, the other opportunity-cost models, and the ICDP

valuation are available at Science Online at www.
sciencemag.org/feature/ data/1047676.shl.

Like those in many developing countries, Madagas-

car's forestry department lacks the resources to po-

lice large-scale operations or capture all rents to
which it is entitled. See also The Asia Pacific Action

Group, "The Barnett Report” (The Asia Pacific Action

Group, Hobart, Tasmania, Australia, 1990); E. Barbier,

J. Burgess, ). Bishop, B. Aylward, in The Causes of

Tropical Deforestation, K. Brown and D. W. Pierce,

Eds. (Univ. of British Columbia Press, Vancouver, Can-

ada, 1994), pp. 271-295.

A. G. Johns, Timber Production and Biodiversity Con-

servation in Tropical Rain Forests (Cambridge Univ.

Press, Cambridge, 1997).

Mise en Compatibilité des Investissements avec

UEnvironnement (MECIE), Decret No. 95-377. The

International Tropical Timber Organization also has a

goal of achieving trade in sustainably managed tim-

ber by 2000 [Asia Pacific Forestry Sector, “Asia-

Pacific Forestry towards 2000” (Food and Agricultural

Organization, Rome and Bangkok, 1998)].

The best management practices scenario would cut 1

m3/ha per year [I. A. Bowles, R. E. Rice, R. A. Mitter-

meier, G. A. B. da Fonseca, Science 280, 1899 (1998)]

to manage the forest sustainably on a 60-year rota-

tion, reducing productivity/hectare to 40%. Forbid-
ding logging on high slopes and within 100 m of
streams would reduce the logging area by 44%, but
improved efficiency from planned logging operations

(~22%) would offset the area reduction [see P. Bar-

reto et al. in (76)]. We assumed that the concession-

1831



22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.
. Preventing deforestation is an emission reduction,

1832

aires would succeed in preventing slash-and-burn
farming in 70% of the concession. For further details,
see (17).

M. C. Hatchwell, personal communication.

Figures are rounded in the text to avoid false
precision.

D. M. Wolfire, ). Brunner, N. Sizer, Forests and the
Democratic Republic of Congo (World Resources In-
stitute, Washington, DC, 1998).

J. Brunner, K. Talbott, C. Elkin, Logging Burma’s Fron-
tier Forests: Resources and the Regime (World Re-
sources Institute, Washington, DC, 1998); see also
references in (78).

We used Geographic Information System (GIS) to
determine if road-building costs or transport costs
limit access to particular areas. A cost-surface, calcu-
lated as the total distance to the nearest existing
road or port multiplied by the cost per kilometer of
building new roads and transporting timber, was
consistently offset by the financial benefits of har-
vesting the timber up to 50 km; thus, no constraints
operated within an area the size of the Masoala
Peninsuta (~4000 km?). See also (77).

S. Fankhauser, Valuing Climate Change: The Econom-
ics of the Greenhouse (Earthscan, London, 1995). For
the year 1995, 50% of simulation runs estimated an
optimal carbon tax >$20/t C, and optimal tax levels
associated with a given probability increased each
year [T. Roughgarden and S. H. Schneider, Energy
Policy 27, 415 (1999)].

Net committed emissions take into account the total
weighted emissions of greenhouse gases over time
from deforestation and the uptake of gases due to
regrowth, and are calculated in CO, C equivalents
that account for varying greenhouse gas potentials
and ratios of different gases. We assumed that burn-
ing a hectare of primary rain forest, with reburns
every ~3 years, would result in the net release of
~191 metric tons of CO, C equivalents [P. M. Fearn-
side, Climatic Change 35, 321 (1997)]. We further
assumed that release of carbon would be amortized
over 10 years. Due to the time value of money, this
timed release reduced the NPVs of greenhouse gas
conservation by ~1.8 times.

R. Mittermeier, N. Myers, ). Thomsen, Conserv. Biol.
12, 516 (1998).

R. Schawarze [Ecol. Econ. 32, 255 (2000)] found an
average cost per ton of CO, of $2.6 for land use,
cover change, and forestry projects; see S. Brown et
al. in (5).

Population Reference Bureau, "World Population
Data Sheet 1995" (Population Reference Bureau,
Washington, DC, 1997).

Although the best management practices scenario
generates similar opportunity costs, it would be more
difficult for Madagascar to implement than simple
protection of the forest [see I. A. Bowles et al. in (27)],
and therefore less likely to prevent deforestation
reliably and to obtain carbon credits (36); nor would
it provide the biodiversity benefits of strict conser-
vation [J. Robinson, Conserv. Biol. 7, 20 (1993)].
For example, semi-arid savannahs [B. Walker, Envir.
Dev. Forum 4, 204 (1999); see also references in
(18]

J. O. Niles and R. Schawarze, in Proceedings of the IEA
Bioenergy Task25 Workshop: Bioenergy for Mitigation
of CO, Emissions: The Power, Transportation and
Industrial Sectors, K. Robertson and B. Schlamadinger,
Eds. (International Energy Agency, Graz, Austria,
2000).

S. H. Schneider, Climatic Change 39, 1 (1998).

whereas planting trees is a sequestration process.
Currently, conserving forests has stronger legal status
under the Clean Development Mechanism because it
is an emission reduction. The Kyoto Protocol requires
verification of real, measurable, voluntary, and long-
term reductions. Costa Rica has evolved strategies for
dealing with leakage and additionality [D. C. Gold-
berg, R. Castro, S. Mack, "Carbon conservation: Cli-
mate change, forests and the Clean Development
Mechanism” (Center for International Law, Centro de
Derecho Ambiental y de los Recursos Naturales,
Washington, DC, 1998)]. Ultimately, however, indus-
trialized countries will also have to reduce their own

REPORTS

emissions in order to meet the goals of the United
Nations Framework Convention on Climate Change.

37. R. A. Kramer, D. D. Richter, S. Pattanayak, N. P.
Sharma, J. Environ. Manage. 49, 277 (1997).

38. H. ). Ruitenbeek, Ecol. Econ. 6, 57 (1992)

39. We are grateful to C. Ramilison, I. Raymond, R.
Lemaraina, B. Simeone, B. Delaite, and M. Hatchwell
for providing pricing information and unpublished
reports. We thank K. Chomitz, N. Myers, B. Delaite, P.
Frumhoff, ). Hardner, G. Heal, J. Hellman, L. Goulder,
J. McNeely, ). Paddack, D. Rice, R. Schawarze, S.
Schneider, and P. Vitousek for discussions and/or

critical readings of the manuscript. The Center for
Conservation Biology, the Wildlife Conservation So-
ciety, the Heinz Foundation, and the Morrison Insti-
tute for Population and Resource Studies supported
the authors during this work. We appreciate the
assistance of the Masoala Project, run by CARE Inter-
national Madagascar and Wildlife Conservation Soci-
ety under the guidance of the Direction des Eaux et
Forets and the Association pour la Gestion des Aires
Protégées.

6 December 1999; accepted 14 February 2000

mGluR1 in Cerebellar Purkinje
Cells Essential for Long-Term
Depression, Synapse
Elimination, and Motor
Coordination
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Targeted deletion of metabotropic glutamate receptor-subtype 1 (mGluR1)
gene can cause defects in development and function in the cerebellum. We
introduced the mGluR1a transgene into mGluR1-null mutant [mGIluR1 (-/-)]
mice with a Purkinje cell (PC)—specific promoter. mGluR 1-rescue mice showed
normal cerebellar long-term depression and regression of multiple climbing
fiber innervation, events significantly impaired in mGluR1 (~/-) mice. The
impaired motor coordination was rescued by this transgene, in a dose-depen-
dent manner. We propose that mGluR1 in PCs is a key molecule for normal
synapse formation, synaptic plasticity, and motor control in the cerebellum.

mGluRs are G protein—coupled glutamate re-
ceptors and are implicated in modulation of
synaptic transmission and plasticity (/).
mGluR1 (—/—) mice have characteristic cer-
ebellar symptoms such as ataxic gait, inten-
tion tremor, and motor discoordination (2—4).
The blockade of mGIuR1 by antiserum to
mGluR1 results in ataxia, suggesting that
mGluR1 is required for motor coordination
(). In mGluR1 (—/—) mice, the anatomy of
the cerebellum, the morphology of PCs, and
the synaptogenesis onto PCs from parallel
fibers (PFs) are normal. However, develop-
mental transition from multiple to mono-in-
nervation of PCs by climbing fibers (CFs)
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(6), the other excitatory input to PCs (7), is
impaired during the third postnatal week (8).
Long-term depression (LTD) at PF-PC syn-
apses is clearly deficient in mGluR1 (—/-)
mice (3, 4). Thus, mGluR1 is thought to be
essential for CF synapse elimination and
LTD induction, and its disruption may con-
tribute to motor deficits of mGIluR1 (—/-)
mice. However, mGluR1 is expressed in var-
ious cell types in the central nervous system
(CNS) other than PCs. Hence it is not clear to
what extent mGluR1 in PCs contributes to
these phenotypes.

We introduced a transgene (L7-mGluR1)
that expressed mGluR 1o under the control of
the PC-specific L7 promoter (Fig. 1, A and B)
into the mGluR1 (—/—) mice. One line of
transgenic mice homozygous mutant for endog-
enous mGluR1 allele showed the cerebellum-
restricted expression of the transgene (Fig. 1C)
(9). (We refer to these mice as mGluR1-rescue
mice.) The amount of mGluRla protein in
mGluR1-rescue cerebella was about 80-fold
less than that in wild-type cerebella (Fig. 1C).
mGluR 1o immunoreactivity was abundant in
the cerebellum, olfactory bulb, and thalamus in
wild-type mice, whereas it was restricted to the
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